Introduction
Fatigue fracture is the main failure mode of most mechanical components [1] . Meanwhile, the initiation and propagation of fatigue crack for smooth surface components occupy the most part of service life [2] . The behavior of short fatigue crack, which is strongly affected by microstructure in the microstructure short crack (MSC) stage and large scale yielding in the physical short crack (PSC) stage, is not similar with conventional long crack [3] [4] [5] . Therefore, method of linear elastic fracture mechanics (LEFM) cannot be applied to solving short crack problems directly while the research of short fatigue crack behavior is of great importance.
The behavior of short fatigue cracks, which is strongly affected by microstructure in the MSC stage and by merge propagation mechanism in the PSC stage, shows a large scatter and obvious statistical characteristics. Therefore the probabilistic method should be one of the feasible analytical approaches for describing short fatigue crack behaviour [2, 6, 7] . During the past three decades, by using 3-parameter Weibull distribution (3PWD), 2-parameter Weibull distribution (2PWD) and considering the fitting effect, Goto [8] [9] [10] , Suh [11] and Akiniwa [12] analyzed four typical characteristic parameters of short fatigue crack, i.e., the dominant effective short fatigue crack (DESFC) sizes, the fatigue life fraction, the effective short fatigue cracks (ESFCs) density, and the DESFC growth rates. Conclusions were drawn that all data scattered largely in the MSC stage and had a trend to be consistent in the PSC stage. However, these conclusions were based on the unilateral considerations of fitting effect, while consistency with the relevant fatigue physics and safety of design evaluation were not taken into account.
In engineering applications, to achieve the reasonable damage tolerance design and safety assessment in-service, penetrating understanding of characteristic of statistics evolution of short fatigue crack is necessary [2] . Above four typical characteristic parameters were analyzed using seven distributions on three aspects, i.e., total fitting effect, consistency with the relevant fatigue physics and safety of design evaluation, by Zhao [2, 7, 13, 14] and the authors [15] . It is considered that normal distribution (ND), extreme minimum distribution (EMVD1), extreme maximum distribution (EMVD2), and lognormal distribution (LND) were the good distributions for these typical parameters of short crack behavior, instead of 3PWD and 2PWD.
LZ50 axle steel is one of the important materials widely used in the manufacture of axle for the speed-up and heavy freight rolling stocks in China. The study of its short fatigue crack behavior has important engineering significance [15] . Based on the DESFC sizes corresponding to loading cycles, growth rates of DESFC associated with DESFC size and fatigue life fraction were calculated. On this basis, good distribution for the description of DESFC growth rate data was determined considering three aspects mentioned above.
Experimental work

Material and specimens
Test material of present work is LZ50 axle steel, which is originated from a RE2B type axle. Test specimens were machined into smooth axial hourglass shape, while the axial of specimens were consistent with the axial of the RE2B axle. The minimum diameter of the specimen was 8mm while the arc segment of the specimen was polished to a mirror effect as shown in Fig. 1 . The chemical composition of LZ50 axle steel is C 0.47, Si 0.26, Mn 0.78, Cr 0.02, Ni 0.028, Cu 0.15, Al 0.021, P < 0.014, S < 0.007, and the reminder Fe by wt%. Heat treatment conditions are as follows: normalizing heat for 2 hours under 860C and 800C, tempering for 1.5 h under 570C. The tensile tests were carried out on CMT 5105 electronic universal testing machine according to Chinese standard of GB/T 228.1-2010 Metallic materials -Tensile testing -Part 1: Method of test at room temperature. The strain rate was controlled to be 1.0  10 -3 s -1 . Test results at room temperature with 10 specimens showed that the tensile strength is 674 MPa, the yield strength is 342 MPa, the elongation is 20.79%, and the reduction of area is 40.38%. Metallographic test of LZ50 steel showed that the material has a typical "ferrite (white) and lamellar pearlite" structure ( Fig. 2, b , with a magnification of 1500), and the pearlite has obvious banded structure (Fig. 2 , a, with a magnification of 200) due to the forging process in the manufacture of axle. Before fatigue test, the central arc surface of the specimen was etched with 4% nitric acid alcohol solution so as to expose the metallographic structures. It has been showed that the short crack behavior was not affected by this kind of surface treatment method, because the etching depth is smaller than the roughness of finest engineering surface [2] . All replica tests were conducted on MTS 809 type axial tension and torsion fatigue testing machine following ASTM E647-11 Standard Test Method for Measurement of Fatigue Crack Growth Rates. The tests were performed under sine loading wave with a loading frequency of 15 Hz. The stress amplitude was controlled to be 225 MPa and the stress ratio was 0.1. In the loading process, the test was interrupted at predetermined cycle number. Then, cellulose acetate film soften by acetone was pasted on the specimen arc surface. Once the film was dry, it was peeled off and saved by two glass slides. Above step was repeated until the specimen was fractured finally. The more times the surface of specimen was replicated, the more comprehensive the short fatigue crack behavior could be. Therefore, the given cyclic interval should be as small as possible to ensure that the number of effective replicating times for each specimen was no less than 10 times. At the same time, to make the crack be in an open state during surface replicating process, a tensile stress of 10 MPa was retained when the test machine was stopped temporarily.
Fatigue test results
The dried replica films were examined step by step according to "the reverse observation method" [16] from failure to fatigue initiation using Olympus OLS4100 3D measuring laser microscope. Ultimately, cracks information, i.e., the crack length, crack angle and number of cracks, of each specimen at every effective replica film were obtained. The "effective short fatigue crack criterion" proposed by Zhao [2, 16] has established the basic frame of the study of short fatigue crack behavior. Based on this criterion, the original data of DESFC scale at each replica were obtained and the DESFC growth rates with corresponding DESFC size or fatigue life fraction were calculated and given in Fig. 3 . The figure shows that the DESFC growth rates of all specimens are different to a certain extent, but the growth rate of DESFC decreases twice during the crack propagation process for every specimen. Combined with the work in ref- Using linear interpolation method, the DESFC growth rates (d2a / dN) of all specimens under 10 given characteristic DESFC sizes (2a) were obtained. All DESFC growth rates and its mean value are showed in Fig. 4 , which show that the mean value of DESFC growth rate decreases twice with the increase of DESFC size. The corresponding DESFC sizes are 30 μm and 100 μm, which roughly equivalent to the average diameter of ferrite and the interval of rich pearlite banded structure respectively. Average DESFC growth rate (da / dN)m1 , standard deviations of DESFC growth rate (da / dN)s1 and coefficients of variation Cv1 of all the 9 specimens under 10 given characteristic DESFC size (2a) are listed in Table 1 . Meanwhile, the evolution of Cv1 with the DESFC size is given in Fig. 5 , which shows that coefficients of variation Cv1 reached its maximum value when DESFC size, 2a, is equal to 20 μm. Then Cv1 gradually declines with fluctuations. This leads to the results that the scatter of the DESFC growth rates data rises in early stage and then fall in later stage. The reason is that the short fatigue cracks are strongly affected by microstructures in the MSC stage. With the establishment of DESFC and the merge of ESFCs in the PSC stage, the influences of microstructures are not that significant any more.
Reference [17] proposed a statistical method by taking the total fitting effect, the consistency with the relevant fatigue physics and the safety of design evaluation into account. This method can determine the good distribution with limited fatigue test data by comparing 7 commonly used distributions including 3PWD, 2PWD, ND, LND, EMVD1, EMVD2 and exponential distribution (ED). The linear correlation coefficients of DESFC growth rate at 10 given characteristic DESFC sizes for the above 7 distributions were given in Table 2 . From the view of best fitting effect, namely the extent how the value of │RXY│ is close to 1, the order of best fit is 3PWD, ND, 2PWD, LND, ED, EMVD1 and EMVD2. For the first five distributions, 9 groups of linear correlation coefficients were all greater than 0.85, but for EMVD1 and EMVD2 the values are relatively poor.
Considering the safety of design evaluation, the data of growth rate belongs to the right-tail problem. Reference [18] defines two parameters, i.e., dF1 and dF2, to reflect the prediction deviation. For the right-tail problem, dF1 and dF2 represent the deviation between probability experience and predictive value according to two maximum data, i.e., xn and xn-1, respectively. At the same time, the reference pointed out: the smaller the │dF│ is, the smaller the prediction deviation is. Furthermore, if dF1 < dF2 and dF1 < 0, when x > xn, the predicted results would tend to be conservative.
The prediction deviation, i.e., dF1 and dF2, for 7 commonly used distributions of the right tail failure proportion for the DESFC growth rate data at characteristic DESFC size were given in Table 3 . With the consideration of total fitting effect, conclusions can be drawn that ND is the best distribution for DESFC growth rates under DESFC scale. Among the 10 groups of growth rate data in Table 3 , the prediction deviations for 7 groups of data show that dF1 < 0 and dF1 < dF2 for 7 groups of data. Which means that the predicted values will be relatively conservative as long as the expansion rate is greater than a value of (d2a / dN)n. At the same time, the ND conforms to the consistency with the relevant fatigue physics of the increase of failure ratio with the increase of the growth rate [18] . In conclusion, ND is the best distribution to describe the DESFC growth rates data. Table 4 indicated the cumulative distribution parameters of ND for the DESFC growth rate data showed in Table 3 . Corresponding cumulative distribution curve of DESFC growth rate of each group were given in Fig. 6 . By synthesizing Table 1 to Table 3 and Fig. 4 to Fig. 6 , conclusions can be drawn as follows:
1. The mean curve of DESFC growth rate decreases twice with the increase of DESFC size. The characteristic sizes when these two growth rate decreases occur are 20 μm and 100 μm, respectively. The standard deviations reach the minimum value when the DESFC size is 30 μm.
2. The scatter of DESFC growth rates data at given characteristic DESFC sizes is large, and with the propagation of cracks, the scatter continues to fluctuate and decline. It is worth noting that, as the DESFC size 2a is equal to 5 μm, the scatter of the DESFC growth rate data is smaller.
3. ND is the best statistical distribution to describe the DESFC growth rates data at given characteristic DESFC sizes. Fig. 6 Cumulative distribution curve of DESFC growth rate at given characteristic DESFC size 3.2. Analysis of DESFC growth rate at given characteristic fatigue life fraction Average (da / dN)m2, standard deviations (da / dN)s2 and coefficients of variation Cv2 of the 9 specimens at 10 given characteristic fatigue life fractions (f) are given in Table 5 . The DESFC growth rates of all specimens and its mean value at characteristic f were given in Fig. 7 . The mean value of the DESFC growth rate decreases with the increase of fatigue life fraction. The corresponding f at which the DESFC growth rate decreases is 0.1 and 0.5, respectively. Meanwhile, the evolution of Cv1with the life frication f is given in Fig. 8 , and which shows that coefficients of variation Cv1 experienced two significant increases and then reached its maximum value at the life frication f = 0.1and f = 0.8. However, in the later period of PSC stage, the scatter declined gradually. The linear correlation correlations of DESFC growth rates at 10 given characteristic life fraction f for 7 commonly used distributions mentioned above were listed in Table 6 . From the view of best fit, the order of best fit is 3PWD, ND, ED, LND, 2PWD、EMVD2 and EMVD1. For the first six distributions, 10 groups of linear correlation coefficients were all greater than 0.85, but for EMVD1 it is relatively poor.
The prediction deviation, i.e., dF1 and dF2, for 7 commonly used distributions of the right tail failure proportion for the DESFC growth rate data at given characteristic life frication f were given in Table 7 . From which, conclusions can be drawn that ND is the best distribution for DESFC growth rates at given life frication f. For 10 groups of growth rate data, the prediction deviations for 9 groups of data show that dF1 < 0 and dF1 < dF2 for 8 groups of data. It means that the predicted values are relatively conservative as long as the growth rate is greater than the value of (d2a / dN)n. At the same time, the ND conforms to the consistency with the relevant fatigue physics of the increase of failure ratio with the increase of the growth rate [18] . In conclusion, ND is also the best distribution to describe the DESFC growth rates data at given fatigue life frication. Cumulative distribution curve of DESFC growth rate of each group were given in Fig. 9 .
By Synthesizing Table 5 to Table 8 and Fig. 7 to Fig. 9 , conclusions can be drawn as follows:
1. The mean curve of DESFC growth decreases twice with the increase of fatigue life fraction. The characteristic fatigue life fractions when these two growth rate decreases occur are 0.2 and 0.5, respectively. The standard deviations reach the minimum value as the life frication f is 0.2. 2. The scatter of DESFC growth rates data at given characteristic life frication f is large, and with the increase of f, the scatter of the DESFC growth rate data continue to fluctuate and decline in the later period of PSC stage.
3. ND is the best statistical distribution to describe the DESFC growth rates data at given characteristic fatigue life frication. Fig. 9 Cumulative distribution curve of DESFC growth rate at given characteristic fatigue life fraction Table 8 Cumulative distribution parameters of ND for the DESFC growth rate data at given characteristic fatigue life fraction 
Conclusions
The short fatigue crack replica tests of 9 hourglass shaped specimens were performed, and the DESFC growth rates were calculated based on obtained DESFC size and corresponding number of loading cycles. Meanwhile, three aspects, i.e., total fitting effect, consistency with the relevant fatigue physics, and safety of design evaluation were considered based on 10 groups of characteristic DESFC growth rate data according to given DESFC sizes and life fractions. Conclusions can be drawn as follows:
1. The DESFC growth rate and its mean value showed two significant decreases, which occurred when DESFC sizes were approximately equivalent to the average diameter of ferrites and the interval of the rich pearlite banded structures, respectively.
2. The scatter of the DESFC growth rate data is significant. It is fluctuant in the MSC stage because of the strong impact of the microstructures. However, in the PSC stage, it declines gradually with the further establishment of DESFC.
3. ND is the best statistical distribution to describe the DESFC growth rates data at either the given DESFC sizes or the given fatigue life fractions.
